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bstract 
he core-shell Al2O3@Co particles were prepared by the ball-milling of the composite Al2O3-Co particles synthesized by 
lectroless reduction. During the ball-milling process, both, the core-shell particle size and the ratio of hcp/fcc phases changed. 
o perform a phase analysis of the cobalt shell we used an approach based on the magnetic measurements. The use of Al2O3-Co 
omposite particles as the precursors for the ball milling significantly shortens the time needed for a change in the phase 
omposition of cobalt. 
 2019 Elsevier Ltd. All rights reserved. 
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. Introduction 
Magnetic particles with a core-shell structure attract attention in connection with the applications in catalysis, 
iomedicine, and also as precursor particles for cermets synthesis [1–5]. In this respect, new approaches to the 
reparation of such particles are relevant. The magnetic component in composite particles provides both new 
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possibilities for controlling the properties and their studying. Cobalt, as a component of a composite particle, allows 
the preparation of chemical stable magnetic particles with high magnetization and high Curie temperature [6]. Most 
often, magnetic metallic particles are passivated by a nonmagnetic inert shell [1,6,7]. The chemical stability of 
cobalt makes it suitable as an element of the particle shell, which leads both to fundamentally new particle 
properties, and to the possibility of creating new magnetic cermets [5,6]. Conventionally, cermets are made by 
mixing metal and oxide particles with subsequent pressing and high-temperature annealing [4,5]. Ball-milling makes 
it possible to achieve a uniform distribution of the metal component before pressing. If one uses powder mixtures, it 
requires a long time of mechanical treatment (16-20 hours) [8–11]. Earlier, we proposed a method for accelerating 
mechano-activation processes using core-shell composite particles [12,13]. In this paper, we use a similar approach 
for the preparation of Al2O3@Co(P) particles and investigate the structure and properties of the particles obtained. 
2. Experiment 
The initial Al2O3/Co(P) composite particles consist of granular Al2O3 cores (50 mass %), surrounded by a shell 
of Co95P5 particles. The Co-P particles were deposited on Al2O3 surface by electroless plating [14,15] as described 
in our previous study [16]. The average size of Al2O3 granules is about 300 nm. The milling of the composite 
particles was performed in the planetary ball mill AGO-2U with stainless-steel vials and balls during 15, 30, 45, 60, 
75, and 90 min. The ball-to-powder weight ratio is 20:1, ball acceleration was 10 g. The Co95P5 particles were also 
milled under the same conditions. The morphology and the composition of the powders were analyzed using 
scanning and transparent electron microscopes (Carl Zeiss EVO 60 and Hitachi TM3000 with X flash 430 H 
detector, Bruker;  HT7700 , Hitachi). The crystalline structure of the composite powders was determined using a 
DRON-4 X-ray diffractometer operating with Cu Ka radiation. Magnetic measurements were performed in the 
external field range up to 14 kOe and at 77–300K using a vibrating sample magnetometer designed at the Kirensky 
Institute of Physics [17]. 
3. Results and discussion 
According to microscopic images (SEM and TEM), the initial particles of Al2O3-Co95P5 do not always have a 
continuous coating of cobalt. The small Co95P5 particles are located on the surface of some large (~ 0.5 μm) Al2O3 
particles. Ball milling for 45 minutes leads to an increase in the average particle size and width of the particle size 
distribution. With a further ball-milling up to 75 minutes (see Fig. 1 b), the width of the distribution somewhat 
decreases, but the average particle size is greater than before milling. First of all, cobalt should be subjected to 
plastic deformation during the milling process. The Co particles immobilized on the surface of the Al2O3 granules 
are plastically deformed, leading to the formation of a continuous coating of the particle. This is confirmed by the 
behavior of the X-ray diffraction spectra. The X-ray diffraction patterns of particles both Al2O3@Co95P5 and Co95P5 
were characterized by a set of hcp-Co reflexes supplemented with Al2O3 peaks in the case of composite particles. 
The peaks of Al2O3 disappeared after 15 minutes of milling [16]. The fact is that a continuous metallic coating of 
cobalt effectively shields X-ray radiation. This results in the detector receiving only the signal from the cobalt 
coating. In addition, the data of Energy-dispersive X-ray spectroscopy (EDX analysis) show both the presence of the 
Co shell and the fact that the aluminum and cobalt atoms are uniformly distributed over the surface of the particle 
(see Fig. 1 a). Particles of Co95P5 during ball-milling undergo allotropic transformations which results in appearing 
of fcc-Co(P) phase and subsequent changes in its quantity [10,16]. Similar transformations would occur in the cobalt 
shell of particles. However, the cobalt reflections on the X-ray diffraction pattern are significantly broadened by the 
milling, making it difficult to reliably estimate the phase composition [16]. Therefore, for phase analysis, we use an 
indirect method based on measuring the approach to magnetic saturation curves. The field dependences of 
magnetization were measured using a vibrating sample magnetometer [17] and presented in fig.2a. 
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Fig. 1. (a) TEM image of Al2O3@Co particles and elemental maps in one particle (after 30 min. milling) (b) Particle size distribution by number 
for different times of milling. 
 
a b 
Fig. 2. (a) Approach to magnetic saturation in the particles before and after the ball-milling. The filled circles correspond to the initial particles of 
Co95P5; filled triangles correspond to Co95P5 particles after 60 minutes of milling. Empty circles correspond to initial particles Al2O3@Co95P5; 
empty squares correspond to particles Al2O3@Co95P5 after 60 minutes of milling. Solid lines correspond fitting by Eq.1 (b) The magnetic 
anisotropy constant of particles for different times of milling. 
The approach to magnetic saturation curves in applied fields greater than 4 kOe follows the Akulov’s law (see 
Fig. 4) [18]:  
ܯሺܪሻ = ܯ௦ · ൤1 − ଵଵହ ቀ
௄
ெೞ·ுቁ
ଶ൨,                                                                                                                          (1) 
where ܭ and ܯ௦ are the magnetic anisotropy constant and the saturation magnetization of the particles, respectively, 
ܯሺܪሻ is the magnetization in the applied field ܪ. The magnetic anisotropy constant, calculated as a parameter of the 
best fitting by Eq.1, significantly changes during the milling process. The magnetoelastic contribution to the 
constant ܭ is low because of the small magnetostriction in cobalt. Therefore, the main contribution comes from the 
magnetocrystalline anisotropy. The anisotropy constant of particles in the initial state is somewhat larger than the 
constant of hcp-Co, and after milling it becomes much lower than in hcp-Co, but higher than in fcc Co. According to 
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[19] Co95P5 particles contain both hcp-Co and fcc-Co phases. To estimate the fraction of the fcc phase we used the 
following equation for the effective magnetic anisotropy constant [19]:  
ܭ = ටܭ௙௖௖ଶ · ݔ௙௖௖ + ܭ௛௖௣ଶ · ൫1 − ݔ௙௖௖൯,                                                                                                               (2) 
ݔ௙௖௖ = ௄೓೎೛
మ ି௄మ
௄೓೎೛మ ି௄೑೎೎మ
                                                                                                                                                  (3) 
Calculations based on the data in Fig. 2b show that, with milling, the fraction of the fcc-Co varies from 0 to 0.89 
after 60 minutes of milling in Al2O3@Co95P5 particles. For Co95P5 particles, we have a change from 0.35 in initial 
particles to 0.85 for the particles after 60 minute of milling. In addition the main change in the phase composition 
occurs during the first 15 minutes of milling. This is considerably less than the times of similar transformations 
(~ 10 h) of the powder mixtures of Al2O3 and Co particles [8–10,16]. 
4. Conclusions 
We used the ball-milling of the composite Al2O3-Co particles synthesized by electroless reduction to form the 
core-shell Al2O3@Co particles. To investigate the features of the ball-milling process we performed both, structural 
and magnetic analysis. We found that during ball-milling process continuous cobalt shell was formed, while particle 
size and the ratio of hcp/fcc phases in the cobalt shell changed. To analyze the phase composition of the cobalt shell, 
we used an approach based on the magnetic measurements. The use of Al2O3-Co composite particles as the 
precursors for the ball milling significantly shortens the time needed for a change in the phase composition of 
cobalt, relative to the usage of Al2O3 powder mix. 
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